A novel spectroscopic method is proposed for the measurement of electron density and temperature in atmospheric pressure dielectric barrier discharges using nitrogen gas. Simplified collisional-radiative models for the electronic and the vibrational states yield two separate continuity equations as a function of the electron density and the temperature with the coefficients expressed in terms of rotational temperature, vibrational temperature, and emission intensity ratio between the first positive system and the second positive system of nitrogen molecules. The electron density and the temperature in nonequilibrium atmospheric pressure plasmas can be determined by solving the continuity equations with the coefficients estimated from the spectroscopic measurements. It was confirmed by applying to a high power dielectric barrier discharge, where the measured plasma parameters were in good agreement with the estimation by using the electron conductivity of the discharge.
I. INTRODUCTION
Recently, various atmospheric pressure plasma sources including dielectric barrier discharges ͑DBDs͒ have been expanding their application areas by taking advantage of eliminating expensive vacuum equipment while providing comparable capabilities of low-pressure plasma sources. In particular, DBD systems using air or nitrogen have been studied for various applications such as surface modification of polymers, 1 fabric treatment, 2 and toxic gas removal. 3 In these applications, key parameters are the reaction selectivity and rates, the temporal and spatial uniformity, and the throughput, all of which depend on the generation of reactive species and their transport in the plasmas. To understand the reactive species generation in the plasmas, it is important to measure the electron temperature and the density of the plasmas. However, plasma diagnostics for electron temperature and density are not available in nonequilibrium atmospheric plasmas since conventional diagnostics such as an electrostatic probe and a microwave interferometer are not applicable. Optical emission spectroscopy has been applied to diagnose atmospheric plasma characteristics, however, it is limited only to rotational and vibrational temperatures, not to electron temperature and density. 4, 5 In this study, a spectroscopic method to measure the electron temperature and the density of the DBD plasmas using nitrogen is proposed. Easy-to-obtain molecular spectra of the first positive system ͑FPS͒ and the second positive system ͑SPS͒ of nitrogen can be used as a simple nonperturbing means to measure the critical plasma parameters by using two separate continuity equations based on the simplified collisional-radiative ͑CR͒ model.
II. SIMPLIFIED COLLISIONAL RADIATIVE MODELS
The first continuity equation for the distribution of the electronic states in molecular nitrogen is given by
͑1͒
where n N 2 ͑i͒ is the number density of N 2 molecules in the electronic states i, w is the mean velocity, k i→j e is the rate coefficient for electronic transitions from state i to j by the electron collisions, [6] [7] [8] k i→j N 2 is the rate coefficient for quenching and excitation processes by molecular collisions, [9] [10] [11] and A i→j is the spontaneous emission rate coefficient. It is noted that the ionization and recombination processes are not included because of their small reaction rates compared to other reactions. Also, calculations are limited only to three triplet excited states
⌸ u ͒ and one singlet ground state ͑X 1 ⌺ g + ͒ of molecular nitrogen. Among transitions by electron collisions, only the transitions involving the vibrational ground state of each electronic state are considered. The molecule-molecule collision reactions considered in the current method ͓the third and the fourth terms on the right-hand side of the Eq. ͑1͔͒ are shown in Table I . For the reactions involving vibrationally excited molecules ͑reac-tions 1 and 6 in Table I͒ , the density of nitrogen molecules in the vibrational states is calculated by assuming Boltzmann distribution with a single vibrational temperature, T vib . Of course, the actual vibrational distribution function ͑VDF͒ of the ground state ͑X 1 ⌺ g + ͒ may deviate from Boltzmann distribution due to the vibrational-vibrational processes between molecules, which will be discussed again. However, in general, the initial lower vibrational levels are well represented by a Boltzmann law and the higher levels are gradually over-populated to make a plateau and then again decrease as the level grows further. 12 The plateau starts near a certain level, which is usually characterized by the minimum point in the Treanor's distribution. With the vibrational temperature of 0.2 eV and the gas temperature of 0.03 eV, Treanor's minimum point is calculated to be about level 14 and, therefore, lower levels important in the calculation can be assumed to be in Boltzmann distribution mostly.
In a steady-state condition without particle transport, 13 Eq. ͑1͒ can be solved to yield the electronic state population density distribution as a function of electron density, n e and electron temperature, T e for a given vibrational temperature, as shown in Fig. 1 . The population density ratio between the B 3 ⌸ g and the C 3 ⌸ u states is a function of electron density and temperature, thus making this ratio a useful measure to obtain these parameters. By measuring the emission intensity ratio between the FPS and the SPS of nitrogen molecules to obtain the electronic state population density distribution, it is possible to obtain the first equation for n e and T e with the experimentally measured vibrational temperature.
The 
where n N 2 ͑͒ is the number density of N 2 molecules in the vibrational level , k → Ј e is the reaction rate coefficient from states to Ј by the electron collisions, k +1→ Ј→Ј+1 is the reaction rate coefficient of the process N 2 ͑ +1͒ +N 2 ͑Ј͒ → N 2 ͑͒ +N 2 ͑Ј +1͒, and
is the reaction rate coefficient of the process N 2 ͑͒ +N 2 → N 2 ͑ −1͒ +N 2 . The first two terms on the right-hand side of Eq. ͑2͒ are the vibrational state transitions involving electron collisions. The next four terms are the vibrational state transitions involving molecular collisions conserving total vibrational quantum numbers, the so-called vibrational-vibrational ͑V-V͒ processes. The last four terms are the vibrational state transitions involving mo- lecular collisions where the total of vibrational quantum numbers is not conserved, called the vibrational-translational ͑V-T͒ processes. In this model, only one-quantum processes are considered for the molecular collision processes because the probabilities of multiquantum processes are relatively small compared to those of single-quantum processes. It is noted that there is no spontaneous emission term in Eq. ͑2͒. This is because, for molecules consisting of two like atoms such as N 2 , the dipole moment is zero so that the pure vibrational transition of spontaneous emission cannot occur.
14 Neglecting particle transport in a steady-state condition, the left-hand side of Eq. ͑2͒ is equal to zero. Multiplying Eq. ͑2͒ by the vibrational term ͑units cm −1 ͒, G͑͒, and summing up the equation for =0,1,2,3,..., the vibrational energy balance equation can be obtained as follows:
The term ͑a͒ represents the energy exchange between electrons and molecules in various vibrational states due to the electron impact collisions. The terms ͑b͒ and ͑c͒ describe the energy exchange between molecules by V-V processes, where the vibrational energy is not conserved due to the anharmonicity of the vibrational potential of molecules while the total quantum number is conserved. Terms ͑d͒ and ͑e͒ describe the energy exchange between molecules by V-T processes where the vibrational energy is converted to kinetic energy. The rate coefficients for the electron collision processes are limited up to v = 10, 15 and the reaction rates for both V-T and V-V processes are estimated using the reaction cross sections given by Dmitrieva et al. 16 Since electrons gain energy from external fields and lose their energy to molecules by collisions, the term ͑a͒ indicates the rate of electron energy loss to molecules via vibrational excitation as a function of electron temperature and density. On the other hand, the sum of terms ͑b͒, ͑c͒, ͑d͒, and ͑e͒ indicates the rate of vibrational energy loss to the translational energy during V-V and V-T processes. If the rate of vibrational energy loss described by the sum of ͑b͒, ͑c͒, ͑d͒, and ͑e͒ is calculated, the second independent equation for T e and n e can be obtained by equating with the rate of electron energy loss to molecules via vibrational excitation. Then, the balance equation can determine uniquely both electron temperature and density by combining with the first balance equation of the electronic states.
In order to determine the rate of vibrational energy loss during V-V and V-T processes, the VDF of molecules must be known. However, the VDF of the ground state cannot be measured directly from emission spectroscopy since there is no spontaneous emission from the ground state. In the case of low pressure plasmas, the VDF of the X 1 ⌺ g + state can be correlated with the VDF of the C 3 ⌸ u state with FranckCondon factors by assuming most C 3 ⌸ u state molecules to be excited by the collision between the X 1 ⌺ g + state and electrons. However, in atmospheric pressure, many of the C 3 ⌸ u state molecules are generated by the bimolecular collisions listed in Table I . This means that the correlation between the VDF of the X 1 ⌺ g + state and the VDF of the C 3 ⌸ u state cannot be used anymore. Instead, it is assumed that the VDF of the X 1 ⌺ g + state is approximately equal to the VDF of the electronically excited C 3 ⌸ u state because of frequent collisions among molecules. Figure 2 
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Electron density and temperature measurement¼ Phys. Plasmas 13, 093501 ͑2006͒ tronic state, experimentally obtained from ⌬ = −2 sequences in the SPS, which agrees well with that estimated from the Boltzmann distribution with a single vibrational temperature of 0.2 eV. The rate of vibrational energy loss during V-V reactions is determined by the terms of ͑b͒ and ͑c͒ in Eq. ͑3͒. The evaluation of these terms can be simplified by calculating V-V reactions involving only low vibration levels, e.g., levels of =0 to = 3. This is because the number density for high vibrational states decreases exponentially as the vibrational quantum number increases, as shown in Fig. 2 . Figure  3͑a͒ shows the rate of vibrational energy loss during V-V reactions as a function of T vib and T rot . In addition, the rate of vibrational energy loss during V-T reaction is shown in Fig.  3͑b͒ as a function of T vib and T rot . The V-T energy transfer rate is obtained by assuming that the overall vibrational levels are in a Boltzmann distribution and that the kinetic temperature of the plasma is equal to the measured rotational temperature.
17

III. ELECTRON DENSITY AND TEMPERATURE MEASUREMENTS OF DBD PLASMAS
In order to validate the applicability of this method, DBD plasmas using N 2 gas have been studied. Figure 4 shows a schematic diagram of the experimental setup. The DBD source consists of two square electrodes made of aluminum inserted with two 1 mm thick alumina barriers. The area of the electrode is 490 mm 2 and the gap spacing between the barriers is 1 mm. Nitrogen gas flows of 1 -4 slpm are fed into the discharge region using a gas distributor with ϳ30 holes of 1 mm diam. Two high-voltage probes and one current probe are used to measure the electric characteristics of the discharge. The line-integrated plasma emission is collected using a lens and a single fused silica fiber. The emission spectrum is obtained using a spectrometer with 500 mm focal length ͑SpectraPro-2500i, Acton Research Corp.͒ and a 300 lines/ mm grating, coupled with a thermoelectrically cooled charge-coupled device ͑CCD͒ detector ͑SpectruMM, Princeton Instrument Inc.͒. Relative spectral intensity calibration of the detector system is conducted using a National Institute of Standards and Technology ͑NIST͒-traceable tungsten lamp ͑Optronic Lab.͒.
Vibrational and rotational temperatures, T vib and T rot , are measured by comparing experimental spectra with synthetic spectra. 17 The synthetic N 2 spectra are simulated by using theoretical spectrum with instrumental broadening included. The instrumental line broadening was measured at about ⌬ ϳ 0.4 nm by using a cold argon-mercury lamp ͑CAL-2000, Avantes͒. In the simulated synthetic spectra, T rot and T vib can be determined by the bandwidth and the intensity ratio between the band heads from different vibration states, respectively.
The experimental spectrum including the SPS and the FPS of nitrogen plasmas are shown in Fig. 5͑a͒ and, among them, several vibrational transition sequences from ⌬ =−1 to ⌬ = −4 of the N 2 SPS are used for the temperature determinations. Values of T rot and T vib obtained from the different vibration sequences showed the same results as T rot = 0.03 eV and T vib = 0.2 eV. The simulated spectra used for the determinations are shown in Fig. 5͑b͒ .
In addition, the intensity ratio of the SPS and the FPS was measured in order to calculate the density ratio between C 3 ⌸ u and B 3 ⌸ g states. The intensity I n Ј , Ј →n Љ , Љ of a spectral line corresponding to a transition ͑nЈ , Ј→ nЉ , Љ͒ between two levels is given by where h is the Planck constant, n Ј , Ј →n Љ , Љ is the frequency of transition, A n Ј , Ј →n Љ , Љ is the spontaneous transition probability, n n Ј is the number density of the initial electronic state nЈ, and Q n Ј ͑T vib ͒ is the partition function of the nЈ state at T vib . Thus, the density ratio of
where C is a correction factor of the detector efficiency for various wavelengths. In this experiment, two lines are the 353.6 nm line from the sequence of Ј=1→ Љ= 2 in the SPS and the 888.3 nm line from the sequence of Ј=1→ Љ=0 in the FPS. Table II summarizes discharge parameters and calculated vibrational energy loss rates by V-V processes for discharges with increasing discharge voltages from 8 kV to 12 kV at a fixed N 2 gas flow rate of 1 slpm. The vibrational energy loss by the V-T processes was estimated to be ϳ0.1 W / cm 3 , negligibly smaller than the loss during V-V processes. In addition, the total input power density was obtained using the Lissajous figure of voltage and charge by inserting a capacitor in series with the DBD, 18, 19 which shows that about 40-60% of the total input power was dissipated via vibrational excitation.
The balance equations of electronic and vibrational states are plotted for various discharge voltages as a function of electron temperature and density as shown in Fig. 6 . One group of curves sensitive to electron densities is from the CR model for the electronic states and the other group sensitive to electron temperatures is from the vibrational energy balance equation. The intersections of these two curves determine the electron temperatures and densities. Figure 7 shows that the electron densities increase from 0.76ϫ 10 9 /cm 3 to 1.08ϫ 10 9 /cm 3 and the temperatures from 1.13 eV to 1.2 eV as discharge voltages increase from 8 kV to 12 kV. The error bars are estimated by assuming about 10% of errors in estimating vibrational temperatures due to the spectral resolution.
IV. COMPARISON WITH ELECTRON CONDUCTIVITY
For comparison, the electron density was also estimated by using the electron conduction current, J cond e , given by where e is the electron mobility and E is the electric field in the discharge region. Figure 8 shows the voltage and current characteristics at the applied voltage of 12 kV. In order to obtain the electric field in the discharge region, the applied voltage V app is separated into the voltage across the discharge, V dis and the voltage across the dielectric barrier, V die . It is noted that V die can be obtained by the equation 20 By substituting the measured total current into J cond e , the electron densities increase from 0.77ϫ 10 9 /cm 3 at 8 kV to 1.8ϫ 10 9 /cm 3 at 12 kV, showing good agreement with the electron densities obtained from the spectroscopic method.
V. CONCLUSIONS
A new method to determine electron temperature and density is developed by applying the CR models to both electronic and vibrational states. The resulting equations are then solved by using the rotational temperature, the vibrational temperature, and the emission intensity ratio between the first positive system and the second positive system of nitrogen molecules, measured from emission spectra of plasmas. The electron density obtained by this method shows a good agreement with the result from the electron conductivity model of atmospheric plasmas.
This method provides a simple means to measure the critical plasma parameters that can be used to characterize DBD plasmas and to improve the generation of chemically reactive species in DBD plasmas. Additionally, this new method may be applicable to other atmospheric pressure nonequilibrium plasmas using nitrogen or other molecular gases. 
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